Atopic dermatitis and psoriasis are the two most common immune-mediated inflammatory disorders affecting the skin. Genome-wide studies demonstrate a high degree of genetic overlap, but these diseases have mutually exclusive clinical phenotypes and opposing immune mechanisms. Despite their prevalence, atopic dermatitis and psoriasis very rarely co-occur within one individual. By utilizing genome-wide association study and ImmunoChip data from >19,000 individuals and methodologies developed from meta-analysis, we have identified opposing risk alleles at shared loci as well as independent disease-specific loci within the epidermal differentiation complex (chromosome 1q21.3), the Th2 locus control region (chromosome 5q31.1), and the major histocompatibility complex (chromosome 6p21-22). We further identified previously unreported pleiotropic alleles with opposing effects on atopic dermatitis and psoriasis risk in PRKRA and ANXA6/TNIP1. In contrast, there was no evidence for shared loci with effects operating in the same direction on both diseases. Our results show that atopic dermatitis and psoriasis have distinct genetic mechanisms with opposing effects in shared pathways influencing epidermal differentiation and immune response. The statistical analysis methods developed in the conduct of this study have produced additional insight from previously published data sets. The approach is likely to be applicable to the investigation of the genetic basis of other complex traits with overlapping and distinct clinical features.
Introduction
Atopic dermatitis (AD, synonymous with eczema [MIM 603165]) and psoriasis (psoriasis vulgaris [MIM 177900]) are the two most common chronic inflammatory skin conditions. They are associated with a significantly reduced quality of life and multiple comorbidities. 1, 2 Both diseases result from the interaction of genetic and environmental factors and are characterized by epidermal defects as well as local and systemic immunological abnormalities.
Despite a lifetime prevalence of~2% for psoriasis and 10%-20% for AD, 3, 4 these diseases rarely co-occur within an individual 5 -an observation attributed to opposing immune response patterns. 6 However, it has been reported that both Th1-cell-dominated autoimmune and Th2-celldominated allergic diseases aggregate within families 7 and that parental psoriasis might increase the risk of AD in offspring. 8 Furthermore, genome-wide linkage and association studies have shown genetic risk loci in each disease that map to similar regions of the genome. The epidermal differentiation complex (EDC) on chromosome 1q21.3 includes AD and psoriasis risk loci in close proximity. [9] [10] [11] [12] Null mutations in the gene encoding filaggrin (FLG [MIM 135940]) represent the strongest known risk factor for AD 13, 14 and account for at least a proportion of AD risk within the EDC, but FLG-null mutations are not associated with psoriasis. 15, 16 A deletion of the late cornified envelope genes LCE3B-LCE3C (MIM 612614, 612615) represents a genetic substrate for psoriasis within the EDC, 17, 18 but this deletion is not associated with AD. 19 The cytokine cluster encoded at 5q23.1-5q31.1 includes variants showing association with both diseases, 10, 20, 21 and an intergenic region of chromosome 20q13.2 has also shown association with both AD and psoriasis. 22, 23 Finally, a recent genome-wide association study (GWAS) on AD identified a strong association within the margins of the major histocompatibility complex (MHC) 20 on chromosome 6p21.3, less than 2.4 kb from a variant associated with HLA-Cw6 (MIM 142840), 24 the strongest known psoriasis-risk locus.
In order to gain insight into overlapping and specific genetic mechanisms, we systematically compared and contrasted AD and psoriasis via analytical techniques developed from meta-analysis.
Subjects and Methods

Study Subjects
Genome-wide genotype data were obtained on samples from six case-control cohorts (three each of AD and psoriasis), totaling 2,262 AD and 4,489 psoriasis case subjects and 12,333 control subjects (Table S1 available online) .
The German AD case subjects were recruited from tertiary dermatology clinics at Munich, as part of the GENEVA study, University of Kiel, University of Bonn, and the University Children's Hospital of Charité Universitätsmedizin Berlin. AD was diagnosed by experienced dermatologists and/or pediatricians according to the UK Diagnostic Criteria. 25 German control subjects were obtained from the PopGen biorepository, 26 the population-based KORA study in southern Germany, 27 and the German part of ISAAC II to assess the prevalence of asthma and allergies in schoolchildren. 28 The Irish AD case collection was recruited from the secondary and tertiary pediatric dermatology clinic at Our Lady's Children's Hospital, Crumlin, Dublin. Irish control individuals were obtained from healthy adult blood donors as part of the Trinity Biobank, Dublin. 29 The German psoriasis case subjects were recruited from the tertiary dermatology clinic at the University of Kiel and German controls were again obtained from the PopGen biorepository and the KORA study (independent from those used as controls for AD). The British psoriasis case-control study is part of the Welcome Trust Case Control Consortium 2 24 and the US psoriasis study has been described elsewhere. 21 ImmunoChip data on 2,425 AD case subjects, 3,580 psoriasis case subjects, and 9,061 control subjects were obtained from previous studies, 11, 12 including data on a subset of case and control individuals also analyzed by GWAS. Results of analysis of the four most prevalent FLG (RefSeq accession number NM_002016.1) loss-of-function mutations were obtained for a total of 2,865 case subjects and 5,540 control subjects as data generated for previous studies; 11, 20 the FLG mutations in these analyses are as follows:
p.Arg501* (c.1501C>T), p.Ser761Cysfs*36 (c.2282_2285del), p.Arg2447* (c.7339C>T), and p.Ser3247* (c.9740C>A) (R501X, 2282del4, R2447X, and S3247X, respectively). The institutional review board in each contributing center approved these studies. All participants (or their parents or guardians) gave written informed consent.
Study Design
The study design is summarized in Figure 1 .
Quality Control
Quality control and standard GWAS analysis of genotyped singlenucleotide variants (SNVs) was carried out with PLINK 30 and R.
Samples with extensive missing data (rate >5%), excess of heterozygosity or homozygosity, and discrepant gender determined on the basis of average X-chromosomal heterozygosity compared to the gender recorded in the database were excluded. We then examined identity-by-state (IBS) sharing and estimated identity-bydecent (IBD) on a pruned SNV set between all pairs of individuals and deleted resulting duplicates or closely related samples with PI_HAT > 0.1875 (halfway between expected IBD for third-and second-degree relatives). Multidimensional scaling (MDS) of the pairwise IBS matrix was carried out to identify and delete outliers of unusual ancestry and to calculate genome-wide principalcomponent scores for each individual. We excluded 894 samples because of SNVs showing a missing rate of >5%, deviation of Hardy-Weinberg equilibrium p HWE < 10 À8 , or minor allele frequency (MAF) <5% (summarized in Table S2 ). After quality control, the resulting SNVs and samples were analyzed for association via logistic regression with age, sex, and principal-component scores as covariates. Results from each panel were investigated to determine whether established GWAS loci were identified for the respective trait of interest, and genomic control inflation factors were calculated.
were excluded. A final data set of approximately 5.2 million SNVs in 2,079 AD case subjects, 3,867 control subjects, 4,212 psoriasis case subjects, and 8,032 control subjects were eligible for subsequent analysis (Table S3) . Classical alleles for HLA-A, HLA-B, and HLA-C were imputed for each case-control cohort separately by HLA*IMP 34, 35 and best guess genotypes with probability >0.9. Additional classical HLA-DQA1, HLA-DQB1, and HLA-DRB1 alleles were imputed in each case-control cohort with the exception of the Irish samples, in which there were insufficient informative SNPs. Alleles with a frequency >1% were put forward for analysis. For each individual, alleles were coded as having no, one, or two copies of the respective allele via allele probability >0.9. We obtained high-quality data at the four-digit level with call rates of 92%-100% and accuracy of 92%-98%.
Statistical Analysis
Meta-GWAS was performed on each disease, via standard methodologies. To analyze these findings further, we developed two different meta-analysis-based approaches to filter SNVs and model the contrasting effects in each disease. The first was a compare and contrast meta-analysis (CCMA) approach inspired by a subsetbased method. 36 The second used transethnic meta-analysis implemented in the MANTRA software, 37 combining all six studies by using prior clustering to reflect the ethnic difference and the disease type. The MHC region was reserved for separate analysis because of its unique and complex variability and patterns of strong linkage disequilibrium (LD). The CCMA approach is based on an adaptation of an idea of Bhattacharjee et al., 36 who modeled association with heterogeneous traits. With METAL, 38 we calculated z-scores signed positive or negative with respect to the same reference allele for two metaanalyses, T 1 , combining AD studies only, and T 2 , combining psoriasis studies only. We then calculated the overall test statistic T max with the formula T max ¼ maxðjT 1 j; jT 2 j; jT 12shared j;
where
. We categorized the effect of each SNV as corresponding to an effect Figure 1 . Study Design Abbreviations are as follows: CCMA, case control meta-analysis; MANTRA, metaanalysis of trans-ethnic association studies; BFD, Bayesian false discovery; PO, prior odds; *conditional analysis for the MHC was also carried out with imputed classical HLA-allele (detailed in the Subjects and Methods). on AD only, to an effect on psoriasis only, to a shared effect (in the same direction on AD and psoriasis), or to opposing effects, according to which of the four test statistics ðjT 1 j; jT 2 j; jT 12shared j; T 12opposing
Þ was the largest. In order to derive a p value for T max , we worked out an empirical null distribution by simulating 10,000,000 realizations of two normally distributed random variables, Z 1 and Z 2 . Then we calculated
Þ. The emprical p values can be derived as
In a separate simulation of 1,000,000,000 replicates, we derived a calibration curve for the p values and found it suitable up to a p value of 10
À9
. Hence with the calibration curve we can derive Z max thresholds corresponding to standard genome-wide ''suggestive'' (10 À5 ) and genome-wide ''significant'' (10 À8 ) thresholds, corresponding to T max values of approximately 4.7 and 6.0, respectively ( Figure S1 ). In the second approach we used the MANTRA software 37 developed for transethnic meta-analysis. MANTRA uses a Bayesian partition model for grouping studies according to their ethnicity. We adopted this idea and worked out a prior distribution to cluster studies according to both our phenotypes of interest and the genetic distance between the studies derived from our MDS analysis based on the pairwise IBS matrix: Finally, we carried forward a filtered set of SNVs from CCMA and MANTRA for modeling via a multinomial regression model, adjusted for sex and the first four genome-wide principal-component scores. The multinomial model involves three outcome categories: the ''baseline'' category into which all controls are categorized, a ''psoriasis'' case category, and an ''AD'' case category (modeled through regression coefficients b PSO and b AD , respectively). This analysis makes use of individual-level genotypes and is thus more computationally intensive (although arguably more powerful and more statistically satisfactory) than CCMA and MANTRA. We calculated p values for tests that were designed to be sensitive to the following situations: an overall SNV effect (on either or both diseases, in either direction), an individual SNV effect on one disease (but not on the other), a shared SNV effect (operating in the same direction for both diseases), and a contrasting SNV effect (operating in opposing directions between both diseases), by performing Wald tests of the following linear hypotheses:
Overall effect :
Psoriasis effect :
Shared effect :
Opposing effect :
The overall significance of the SNV was assessed through the 2 degree of freedom (df) test of overall effect, which compares the null hypothesis that the SNV has no effect on either psoriasis or AD with the alternative hypothesis that it has an effect on one or both diseases. The other four 1 df tests were used to categorize the effect (in analogy to CCMA) in four categories-AD only, psoriasis only, shared effect, and opposing effects-by categorizing according to the minimum of the p values: p MNM ¼ min(p AD , p PSO , p SHARED , p OPPOSING ). The rationale for the use of the minimum of these 1 df tests for categorization is as follows: if a SNV is associated with one disease but not the other, the test of a nonzero regression coefficient for that disease (even while unnecessarily also allowing for a nonzero coefficient for the other disease, as is done in the psoriasis effect and AD effect tests), should be more powerful than a test that erroneously groups together the coefficients of the associated and the nonassociated disease (as is done in the shared and opposing effect tests). This is on account of the fact that grouping together these coefficients will incur a penalty in terms of increasing the variance, while not incurring any greater expected magnitude of effect since the expected value of the regression coefficient for the nonassociated disease is zero. If, on the other hand, the SNV has effects that operate in the same direction on both diseases, then a test based on adding together these effects (as is done in the shared effect test) should be more powerful than considering each effect on its own, or subtracting one effect from the other (as is done in the opposing effect test), because adding together the coefficients induces the greatest magnitude of effect. Finally, if the SNV has effects that operate in opposite directions in the two diseases, then a test based on subtracting one effect from the other (as is done in the opposing effect test) should be most powerful because it induces the greatest magnitude of effect.
All analyses if not explicitly stated were carried out with R. For the purposes of this analysis, we distinguished between a shared genetic ''region'' and a shared genetic ''locus.'' We arbitrarily designated a shared region as a block of genomic DNA spanning 2 Mb with association signals for both traits. We defined a genetic locus as the lead SNV and all SNVs with r 2 > 0.5.
Predicted Protein Network Analysis and Gene Ontology Analysis
Functional protein association networks were investigated in silico and gene ontology analyses were performed with STRING 9.1.
Results
Filtering Variants to Define Risk Effects
Quality control and imputation generated 5.2 million SNVs with a minor allele frequency >0.01 for further analysis ( Figure 1 ). GWASs within each cohort resulted in genomic inflation factors l between 1.03 and 1.08. Meta-GWAS performed on each disease confirmed previously reported risk loci in AD and psoriasis and illustrated areas of colocalization on chromosomes 1, 5, and 6 ( Figure 2A ). Excluding the MHC, 2,210 SNVs were identified with shared (by which we mean alleles having effects operating in the same direction in both diseases), opposing, and disease-specific SNVs with CCMA test statistic T max > 4.7. This threshold was defined to correspond to a suggestive significance of p < 10 À5 in order to reduce the probability of false negatives. The 2,210 SNVs were condensed to 142 distinct loci after an LD-based clumping procedure 30 with the following parameters: distance % 250 kb and r 2 R 0.5.
Analysis with MANTRA revealed 3,304 SNVs with Bayesian false discovery probability (BFDP) < 0.05 with prior odds (PO) 1/99 resulting in 76 distinct loci after clumping. The overlap of CCMA and MANTRA gave 2,183 SNVs and the union of both methods resulted in 3,331 SNVs that were carried forward for multinomial regression modeling (MNM), which was adjusted for sex and the first four genome-wide principal-component scores. The results are displayed in Figure 2B , in which disease-specific, shared, and opposing loci are coded by color. SNVs showing genome-wide significance in at least one of the three methods of analysis (T max > 6, BFDP < 0.05 with PO ¼ 1/999, or p MNM < 10 À8 ) map to 144 distinct loci (Table S5). Comparison of effect classification (AD, psoriasis, shared, opposing) in CCMA and MNM ( Figure S2 ) showed an agreement of 94.8% when excluding the MHC region ( Figure S3 ). For further investigation, we considered only loci containing more than one SNV and an effect classified in the same direction by CCMA and MNM.
Validation of Previously Reported AD-and Psoriasis-Risk Loci 15 European and 9 Asian loci have previously been reported in GWASs on AD, and 44 European and 9 Asian loci have been reported in association with psoriasis (Table  S6 ). In our disease-specific meta-analysis individuals of of RIG-I-induced antiviral response. 47 Of note, individuals with AD are known to be susceptible to viral skin infections, but cutaneous infections rarely occur in psoriasis. 48 MicroRNAs play a role in posttranscriptional regulation of gene expression by affecting the stability and translation of mRNAs, but the specific role of miRNA548n has not been defined. The most significantly associated (''lead'') SNV at 2q31.2 (rs62176107, G>A, having the smallest p value from MNM) is a synonymous SNV with predicted effects on 12 transcripts, including PRKRA splice variants' UTR and intronic regions and a variant predicted to undergo nonsense-mediated decay (Ensembl release 75). Gene expression profiling data show downregulation of both PRKRA mRNA and miRNA548n in psoriatic lesions compared to nonlesional skin, but no significant differences in AD (Table S7 ).
The most highly significant variant at 5q33.1 (rs17728338) shows opposing effects on AD and psoriasis (MNM p ¼ 3.96 3 10 À38 ; Table S5 is located within a 25-kb block containing both TNIP1 and ANXA6. The locus has previously been associated with psoriasis in European and Chinese populations but has not been implicated in AD. TNIP1 is involved in TNF signaling and regulation of the transcription factor NF-kB; 21, 50 it shows increased expression both in AD and psoriatic lesions compared to control skin (Table S7 ). In contrast, ANXA6, which encodes a calcium-dependent membrane and phospholipid binding protein, shows significant upregulation of expression in atopic skin compared to control skin (fold change 1.3, FDR p ¼ 0.016) and lesional to nonlesional AD skin (fold change 2.4, p ¼ 0.027), whereas expression is decreased in psoriatic versus healthy skin (fold change 0.7, p ¼ 6.38 3 10 À13 ) (Table S7) . Clearly, further fine mapping is necessary to identify the causal variant that exerts opposing effects on AD and psoriasis, but we speculate that ANXA6 might be a switch-point differentiating AD from psoriasis that reflects the importance of calcium-dependent effects in keratinocyte differentiation. Opposing effect loci were also identified within regions characterized by complex patterns of LD within the EDC (Figure S4 ), the cytokine cluster on 5q31.1 ( Figures S4  and S5) , and the MHC. These regions were therefore investigated further via conditional analysis.
Stepwise (Figure 3) , whereas ImmunoChip data provided better coverage for the cytokine cluster on 5q31.1 (Figures 4  and S5) .
Within 1q21.3 we identified seven LD blocks with disease-specific or opposing signals ( Figure 3A) . Stepwise conditional analysis on the four most prevalent FLGnull mutations and variants tagging the LCE3B-LCE3C deletion identified one AD-specific locus mapping to FLG, a psoriasis-specific locus mapping to LCE3B-LCE3C, and a locus with opposing effects on both diseases mapping to RPTN (MIM 613259)/HRNR/FLG-AS1 ( Figure 3B and Table 2 ). After conditioning on the four FLG-null mutations and the LCE3B-LCE3C deletion, the G allele of the lead MNM SNV rs12130219 decreases the risk for AD (OR ADcond (Table S7 ). The function of FLG-AS1 (FLG antisense RNA1) is currently undefined, but its proximity to FLG and HRNR suggests a role in coordinating keratinocyte terminal differentiation. FLG-AS1 expression is increased in psoriasis lesional compared with nonlesional skin, whereas in AD lesional skin, expression is reduced (Table  S7) . Together, our results confirm the role of the LCE3B-LCE3C deletion in psoriasis and support the presence of genetic risk mechanisms for AD within the EDC in addition to the predominant effect of FLG-null mutations, with opposing effects on psoriasis. Conditional analysis at 5q31.1 revealed three independent loci specifically contributing to AD risk: Figure 4A , Table 2 ). None of these loci showed significant effects on psoriasis. However, a fourth independent locus has opposing effects on AD and psoriasis. The most highly significant variant maps to RAD50 (MIM 604040, rs6596086, OR ADfull ¼ 1.17, OR PSOfull ¼ 0.88, p ¼ 6.3 3 10 À7 ); this variant is associated with increased risk of AD but is protective against psoriasis ( Figure 4B , Table 2 ). 
Analysis of the MHC Confirms Multiple Psoriasis-Risk Loci and Identifies Opposing Effects
Discussion
This genome-wide comparative analysis confirms a high degree of genomic coincidence between AD and psoriasis, suggesting that common molecular mechanisms are involved. This agrees with the central role of epidermal barrier defects and T-cell-dominated inflammation in both diseases. 48 Within the six regions of colocalization,
we demonstrate coassociated and independent diseasespecific loci. Of note, all coassociated loci display opposing (antagonistic) effects on AD and psoriasis, in agreement with the epidemiological observations of lower-thanexpected coincidence between these diseases in the population. 5 Within these loci, specific variants including chromosome 2q31.2 (rs62176107), chromosome 5q33.1 (rs17728338), and within RAD50 on chromosome 5q33.3 (rs6596086) demonstrate opposing effects on risk of AD and psoriasis. This raises the intriguing possibility that the same biological mechanisms might act differentially on AD versus psoriasis. However, our current data cannot distinguish this specific opposing mechanism from the possibility that each lead variant is in LD with other variants having opposing effects in each disease. The majority of the opposing effect loci are implicated in pathways related to adaptive immunological functions, which potentially mirrors the polarized immune mechanisms. 6 It might further be speculated whether the presence of multiple opposing alleles reflects balancing selection as a response to heterogeneity in environmental pressures. Balancing selection is particularly common within the extended MHC region and has been proposed as a potential explanation for antagonistic effects at multiple loci in different autoimmune diseases. 56 Two of the loci displaying opposing effects (ANXA6/ TNIP1 and PRKRA) have not previously been reported in association with psoriasis and/or AD. Formal external validation is limited by the requirement for additional independent, population-matched GWAS data for AD and psoriasis, but data available from RNA sequencing and microarray analyses provide some support for the differential expression of ANXA6/TNIP1 and PRKRA in AD and psoriasis, relative to normal or uninvolved skin. The lead variant within PRKRA might mediate opposing effects in AD and psoriasis via miRNA processing and/or cellular response to environmental stress, and we hypothesize that this reflects the striking differential susceptibility to viral and bacterial skin infections observed in AD and psoriasis. The opposing effect of variation in ANXA6 suggests a role for calcium-dependent effects in defining patterns of skin inflammation.
On chromosome 1q21.3, apart from well-established AD-associated FLG mutations and psoriasis-associated deletion of LCE3B-LCE3C, FLG-AS1 is a plausible candidate to mediate differential AD/psoriasis risk via the network of regulatory elements coordinating gene expression. 57 Natural antisense transcripts contribute to gene regulation via a variety of transcriptional and posttranscriptional mechanisms 58 and include effects on human epidermal differentiation. 59 The proximity of FLG-AS1 to FLG and HRNR, combined with data showing coordinated differential expression of these genes, supports a role in control of keratinocyte terminal differentiation. On chromosome 5q31.1, antagonistic signals for AD and psoriasis have previously been attributed to IL13. 10, 11, 21 We here show that IL13 polymorphisms specifically influence AD risk, whereas opposing signals map to RAD50. The Rad50 protein, a component of the MRN complex (Mre11, Rad50, and Nbs1), is involved in DNA double-strand break repair but has no known function directly related to AD or psoriasis. However, RAD50 mRNA shows significantly increased expression in psoriasis lesional skin and a trend to reduced expression in AD lesional skin (Table S7) . Of note, RAD50 is located in the center of the Th2-cytokine cluster and its 3 0 end is part of a locus control region regulating expression of these cytokine genes. 60 AD and psoriasis represent opposing extremes of Th2 cell dysregulation, and therefore we hypothesize that RAD50 polymorphisms might exert opposing effects on AD and psoriasis through variation in DNA repair resulting in a differential skew in Th2 cell response. Our dissection of the MHC locus confirms the presence of multiple independent psoriasis-risk loci. Markers tagging HLA-Cw*0602 generate the strongest effects, which is in line with previous reports.
17,21,24,44,61 CD8 þ T cells are increased in the epidermis of lesional psoriatic skin, and the association of psoriasis susceptibility primarily with class I HLA alleles might reflect the critical role of psoriasis-associated (auto-)antigen presentation to pathogenic CD8 þ T cells. 62 CD8 þ T cells are also increased in the epidermis of AD skin, but with strikingly different cytokine profiles compared to psoriasis. 63 The opposing effects of class II HLA alleles in AD and psoriasis might represent the differential responses to pathogenic and allergenic peptides presented to CD4 þ T cells. 64 GWASs in AD by univariate and multivariate models have reported association signals in the MHC class I and II regions 22, 65 and two specific HLA class II haplotypes, HLA-DRB1*0701 (a protective effect) and HLA-B*4402 (a risk effect). 20 Our analysis confirms the association of classical HLA class II alleles with AD, but in the conditional analysis, only HLA-DQA1* 02:01 remained, showing a significant protective effect on AD and a significant opposing effect on psoriasis. A further opposing locus mapped to HLA-C*03:03 (Table 3) . The reported observation of AD occurring within the offspring of parents with psoriasis 8 is not supported by our findings, and the observation that both Th1-cell-dominated autoimmune and Th2-cell-dominated allergic diseases can show aggregation within families 7 also presents a discrepancy with our analyses. It is possible that there are shared risk loci for AD and psoriasis that were not detected in our current study because of lack of power, if the shared effect is not strong; alternatively, there might be hereditary risk factors associated with predisposition to any chronic inflammatory (auto-)immune disease. It is also possible that diagnostic misclassification occurs, particularly in pediatric cases, where the clinical signs of psoriasis are more difficult to distinguish from AD than is the case in adult disease, 66 or by recall bias for disease in parents.
It is interesting to estimate the extent to which our findings can explain the mutual exclusivity of AD and psoriasis, but an accurate assessment is hindered by the lack of published data on the proportion of AD and psoriasis cases where the diseases do and do not co-occur. Henseler et al. report a 25-fold lower prevalence of AD occurring in psoriasis cases 5 and assuming a prevalence of 10% and 2% for AD and psoriasis, respectively, 3, 4 we estimate that the effects at the six opposing loci listed in Tables 1, 2, and 3 would result in a reduction in prevalence of AD from 10% to 8% within the group of individuals with psoriasis. This 2% reduction contrasts with the 25-fold reduction reported by Henseler et al., 5 which is equivalent to a reduction of 9.6%, from 10% in the population to 0.4%. Our results have therefore explained approximately 21% (2/9.6 3 100) of the mutual exclusivity of AD and psoriasis. Taken together, our comparative analyses of AD and psoriasis support a paradigm in which genetic factors determining keratinocyte differentiation and cutaneous barrier function have particularly strong effects on AD risk, whereas in psoriasis genetic factors influencing (auto-)antigen recognition are of paramount importance. Furthermore, multiple pleiotropic loci with antagonistic effects contribute to opposing mechanisms of adaptive immunity in both AD and psoriasis.
The meta-analysis-inspired methodology developed in the course of this study has demonstrated the power to leverage additional information from GWAS and highdensity SNV data and to dissect cross-phenotype associations. AD and psoriasis are particularly well suited to the compare/contrast approach, but this methodology will be associated with AD and psoriasis); black squares indicate the residual AD-specific association after conditioning on the lead SNVs in RAD50 and IL13 (genes reported to be associated with AD); and black triangles indicate the residual AD-specific association after additionally conditioning on the lead SNV in KIF3A (a gene reported to be associated with AD). SNVs indicated by the same symbol are in LD with the lead SNV of each stepwise conditional analysis (defined as r 2 R 0.5). Vertical gray shading marks the positions of known genes (identified from the UCSC Genome Browser GRCh37/hg19 accessed Feb. 2009), and horizontal dotted lines indicate significance thresholds of p ¼ 0.005, 10 À5 , and 10
À8
; results are shown for SNVs in LD with the lead SNV (defined as r 2 R 0.5). The horizontal bands at the bottom indicate the coverage of the region by GWAS SNVs (upper row) and ImmunoChip SNVs (lower row). Stepwise conditional analysis at chr5q31.1 was carried out using multinomial regression models and resulted in three additional signals for AD; this table shows only independent loci (r 2 < 0.5) and the SNV with the strongest association; the effect allele is underlined.
be applicable to many other complex traits with overlapping and disease-specific phenotypic features. Characterizing shared and opposing molecular mechanisms across complex phenotypes will expand our understanding of biology and disease and will have implications for treatment and drug discovery. 
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; results are shown for SNVs in LD with the lead SNV (defined as r 2 R 0.5). The horizontal bands at the bottom indicate the coverage of the region by GWAS SNVs (upper row) and ImmunoChip SNVs (lower row). 
Effect allele is underlined. Abbreviations are as follows: PSO, psoriasis; AD, atopic dermatitis. Table shows only independent loci (r 2 < 0.5) and the SNV with the strongest association. a
Stepwise conditional analysis was carried out with multinomial regression models and resulted in three psoriasis-specific and two opposing signals.
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